The drive to improve efficiency and to reduce emissions (including greenhouse gases) from internal-combustion engines has significant ramifications for fuel properties. Deployment of improved engines is aided by the wide availability of welldefined fuels, sometimes with more stringent specification of properties such as the sulphur content and the vaporisation and combustion characteristics (e.g. the octane rating). Fuel regulation has also led to the inclusion of low-carbon fuel components such as ethanol and biodiesel in mainstream road fuels. These trends will probably continue over the next few decades, and so it is important to understand their implications for commercial-scale fuel production and distribution. This paper provides a technical explanation of the linkages between the properties of commercial-scale fuels, the technologies used to make them and the 'landscape' of the fuels industry (e.g. the distribution systems and the interlinked markets for non-fuel products and energy). Industrially relevant examples are used to explain how the refining industry has adapted, and is still adapting, to the changes in the sulphur and volatility specifications, the mandated biocontent and the changes in engine technology. This paper is not intended to make a case for any specific type of fuel but does aim to explain the principles by which refined fuels can be adapted to meet future specifications or to work in conjunction with alternative fuel components. It covers current issues such as the lower sulphur content, the increased biocontent and the emerging theme of higher-octane-number gasoline as a route to a higher engine efficiency.
The drive to reduce automotive emissions such as nitrogen oxides, particulates, carbon monoxide (CO) and volatile organic compounds has led to the introduction of compliance standards for vehicles in all major markets. Examples include the European Euro-1 to Euro-6 standards 1 or the US Tier-1 to Tier-3 standards. 2, 3 In addition, there have been targets for the vehicle efficiency and the tailpipe greenhouse gas emissions, such as the automobile makers' voluntary agreement 4 and the emissions regulation 5 in Europe, and the Corporate Average Fuel Economy (CAFE) 6 and vehicle greenhouse gas standards 7 in the USA. Implementation of vehicle regulations has been paralleled by regulations on the fuel properties such as the European fuel quality directive (FQD) 8 or the US federal gasoline regulations. 9 The renewable energy content and the greenhouse gas footprint have been covered separately by the European FQD, 8 the European renewable energy directive (RED), 10 the US Renewable Fuel Standard (RFS) 11 and US regional low-carbon fuel standards. 12 This has been an ongoing process; for instance, the European gasoline specification (EN 228 13 ) was updated in 1993, 1999, 2004, 2008 and 2012 .
The global demand for road fuel today is roughly 8 3 10 6 m 3 /day (about 2 3 10 9 t/year) of which more than 95% is made by refining crude oils. The use of alternative fuels derived from biomass or natural gas is increasing, but the proportion made from crude oils is unlikely to fall much below 90% within the next 20 years. [14] [15] [16] [17] Many of the alternative fuels have properties which differ from those of conventional fuels, and thus commercial fuel suppliers face a dual challenge of adapting mainstream fuels to meet new fuel quality requirements while incorporating higher levels of alternatives. At the same time, the industry has to ensure that adequate supplies are available at a price which is acceptable to the consumer. Historical examples include the removal of lead from gasoline, 18 tighter limits on benzene in gasoline 19 and tighter limits on polyaromatics in diesel. 20 Sulphur and volatility restrictions are discussed in more detail below.
Other challenges are emerging, particularly in the field of fuels for higher-efficiency vehicles, especially those with gasoline engines. [21] [22] [23] [24] [25] This paper is not intended to advocate any specific approach but seeks to explain the technical and practical issues around changes in the fuel quality and the integration of refined and alternative fuels. It reviews some recent examples and explores some challenges for the future using a European framework; other regions are discussed where appropriate.
Specification of transport fuels
Fuel regulations usually include fuel specifications which set legal limits on the properties of fuels, which are often linked to the needs of the engine designers. These include the following:
(a) the engine performance measures, e.g. the gasoline octane number, the diesel cetane number and the driveability; (b) the physical properties which affect engine operation, e.g. the density, the boiling-point range and distribution, the viscosity, the cold flow and the filterability; (c) the chemical properties which affect engine operation, e.g. the oxidation stability, the gum-forming tendency, the sulphur content (which affects exhaust emission control systems) and the impurities (e.g. water and metals).
Health, safety and environmental factors are covered both by fuel specifications (e.g. the flash point, the benzene content and the vapour pressure) and by separate health, safety, security and environmental regulations.
The fuel quality specifications also set limits on the molecular composition of compounds such as olefins, aromatics, oxygen and oxygenates. The renewable energy content has generally been set by separate regulations although the fuel specifications have often been adjusted for compatibility.
European fuel specifications are held at the European level by the European standards organisation Comite´Europe´en de Normalisation (CEN) but are implemented nationally. US federal specifications are set by the US Environmental Protection Agency and the American Society for Testing and Materials (ASTM), with state-level variations such as those set by California's Air Resources Board (CARB). The fuel properties are measured using regionally approved methods e.g. Deutsches Institut fu¨r Normung (DIN) in Europe and ASTM in the USA. Regions may therefore differ in the way that they report fuel properties, e.g. the US gasoline specification ASTM D4814 26 requires the boiling-point distribution to be reported in terms of the temperature by which a specific percentage has vaporised (e.g. T10, T50 or T90 are the temperatures by which 10%, 50% or 90% of the gasoline has vaporised), but the European gasoline specification EN 228 13 sets limits on the relative volume which vaporises by a certain temperature (e.g. E70, E100 and E150 are the percentages of the fuel which has vaporised by 70°C, 100°C or 150°C). This adds complexity because individual refineries rarely serve a single market. A US refiner may make regular and premium gasoline for a rural market using the US federal specifications but also supply a large city using the more stringent 'reformulated gasoline' specifications. A refinery in Rotterdam may supply gasoline to Europe, the Americas or Africa and receive diesel made in the USA, Russia or the Middle East.
Most specifications allow several grades of product. Probably the best known is the use of 'regular' and 'super' gasoline grades with different octane ratings (but it should be noted that the values and the nomenclature may vary from country to country). Gasoline grades are also differentiated seasonally by the vapour pressure, i.e. higher in winter (to aid cold starting) but lower in summer (to reduce vapour locking and evaporative emissions). The European gasoline specification (EN 228 13 ) has seven different volatility classes to suit climatic conditions from Spain to Sweden. The US gasoline specification (ASTM D4814 26 ) provides for both climate and altitude. The European diesel specification (EN 590 27 ) has seasonal variations in the coldflow properties, plus special 'Arctic grades' with different limits on the density, the cetane index, the viscosity and the distillation.
Manufacturers and distributors may add their own specifications beyond national regulations. The production and distribution system is complex (e.g. 142 refineries in the USA are linked to more than 150,000 retail forecourts 28 via pipelines, barges and road and rail tankers), and so distributors may set additional specifications to ensure that different cargoes of fuels are compatible with each other. In addition, some retailers offer proprietary products whose properties exceed the national regulations (e.g. a higher octane rating). This often supports a specific marketing offer and is rarely representative of the capability of the industry to supply mainstream fuels.
There are seasonal variations in both the specifications and the demand pattern (e.g. gasoline versus diesel). A refiner thus has to make short-and long-term plans which address this complexity while also supplying crude-oil-derived products to other markets, e.g. aviation, marine, petrochemicals, lubricants, construction and the power sector.
Fuel chemistry
Fuels contain many different molecules (Figure 1 ) which differ in their chemical types and boiling points ; therefore, the properties of a fuel are an aggregation of the properties of its constituent molecules. The mix of molecules in turn reflects the raw materials and the manufacturing processes used to make the fuel. The chemistry of the base fuel therefore provides the link between base-fuel properties, feedstocks and manufacturing processes. Finished fuels may contain additives such as cetane improvers, octane improvers or wax inhibitors, typically at levels much less than 1 wt %. The fuel manufacturer thus has to balance the cost of using an additive against the cost of modifying a base fuel, e.g. a refiner may invest in process technology to fix a long-term shortfall in fuel quality but use additives to trim intermittent shortfalls.
The gasoline octane number is reported either as a research octane number (RON) or a motor octane number (MON) measured formally using the longestablished Cooperative Fuel Research engine 29 but other techniques (e.g. online near-infrared analysers) are often used operationally. Figure 2 shows The diesel cetane number also is measured formally using laboratory engines, but operationally it may be measured using an 'ignition quality test' analyser or replaced by a cetane index which is calculated from the density and the distillation properties of diesel. Gasoline and diesel engines have almost the opposite requirements regarding the fuel's propensity for autoignition; consequently, the cetane number of diesel range molecules shows almost the 'mirror image' of the octane number. 32, 33 Aromatics (in particular, two-or three-ring aromatics) have very poor cetane numbers, and straight-chain paraffins have very high values.
Other properties also depend on the chemical type and the boiling range, e.g. the specific heat of combustion 34 of straight-chain or branched paraffins and Commercial fuels are generally mixtures of intermediate products known as blendstocks. Each type of blendstock has its own characteristic mixture of molecules whose exact composition depends on the raw materials (e.g. the crude oil) and on the specifics of the manufacturing technology. Individual blendstocks rarely meet the full requirements of the fuel, and so they have to be used in combination, meaning that specific fuel properties cannot usually be changed in isolation. The properties of a finished fuel may therefore be adjusted either by modifying a particular blendstock or by changing the relative amounts of the various blendstocks in the final product. Choosing the right approach can differ from refinery to refinery or from time to time, and so operational flexibility is key to ensuring that the industry makes the best use of raw materials. For this reason, commercial transport fuels are made to a 'specification' (which defines the properties) as opposed to a 'recipe' (which defines the proportions of specific ingredients).
Production chemistry: straight-run products and quality processes Streams made by distilling crude oil are called straightrun products. They may have the correct boiling-point range for use as gasoline or diesel but their fuel properties are poor; therefore, further processing is required. Detailed descriptions of these fractions and processes can be found in most refining textbooks, [35] [36] [37] but a brief overview is provided here.
Straight-run naphtha (typical boiling-point range, 40-220°C) is a mixture of linear, branched and cyclic paraffins with a few per cent of one-ring aromatics; the exact composition varies with the crude-oil type and the distillation cut point. Straight-run naphtha typically contains 1000-5000 ppm of sulphur mainly as mercaptans and sulphides (Figure 1 ), but these are easily removed by hydrotreating. Naphtha is probably the lowest-cost gasoline blendstock, but its use is limited by its low RON (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) . In part, this can be addressed by distilling a light naphtha fraction (typically 40-90°C) which has a somewhat higher RON (although its use is limited by its high volatility). The remaining heavy naphtha fraction is commonly used as a feedstock for other processes.
Catalytic reforming converts low-octane-number cyclic paraffins into high-octane-number aromatics, and so the product (called reformate) is a mixture of about 50-70% aromatics with about 40% paraffins. The aromatic content leads to a high RON of typically 95-98 but up to 105 from some specialist units. There are several licensed designs of catalytic reformer falling into three main classes: cyclic regeneration reformer, semiregenerative reformer and continuous regeneration reformer. The last class is the most modern and has the greatest capability to make high-octane-number reformate, but about 30% of refineries in the USA or Europe still use the older technologies. Refinery process units usually have an operational life of several decades and, at present, there is little justification to replace older units which are still operating well.
Restrictions on the benzene (C 6 H 6 ) content of gasoline mean that the reformer feed is often limited to molecules with seven carbon atoms or more, leading to a typical boiling-point range of 80-220°C. The lowerboiling-point fraction (light naphtha) is sometimes used for blending but can also be fed to C 5 or C 6 isomerisation units to improve its octane rating. Isomerate is primarily C 5 + C 6 branched or cyclic paraffins with an RON of 75-85 depending on the choice of process technology; the higher values require substantial recycling levels and hence higher cost and higher energy consumption. Indicative properties for these blendstocks are given in Table 1 .
Naphtha also provides the main link between refining and petrochemicals. A few refineries sell straightrun naphtha as petrochemical feedstock, primarily for ethylene production by steam cracking. Some catalytic reformers are designed to run at very high severity, leading to highly aromatic products with a very high RON (e.g. 105). Benzene, toluene and xylenes (BTX) are extracted for petrochemical use, with a loweroctane-number product being returned to the refinery. On a global basis, about 10% of refinery naphtha is used for petrochemicals. 38, 39 Straight-run gas oil or mid-distillate (boiling-point range, typically 220-350°C) also is a mixture of paraffins and aromatics although the molecules are larger and more complex than those found in naphtha, e.g. 12-20 carbon atoms and multiple rings (Figure 1 ). It may contain more than 1 wt % sulphur usually as benzothiophenes and dibenzothiophenes which are much more difficult to hydrotreat than are the sulphur compounds in naphtha; thus, gas oils require their own hydrotreating unit operating at a higher temperature and a higher pressure. Hydrotreated gas oil is generally suitable for road diesel although a few crude oils may yield products which are too aromatic (poor-cetanenumber high-density polyaromatics) or too 'waxy' (products with poor low-temperature properties). Some gas-oil fractions may have a distillation end point which is too high for road diesel but is still acceptable for the smaller heating oil and marine diesel markets which have less stringent sulphur, cetane and distillation specifications than does road diesel.
Straight-run kerosene is a low-boiling-point (190-230°C) mid-distillate which may be switched between jet or diesel according to demand at the time. It contains too much sulphur for use in ultra-low-sulphur diesel (ULSD) and so is often co-hydrotreated with gas oil. If the kerosene is intended for use in jet, then it may be treated using the lower-cost mercaptan oxidation process; this product is rarely suitable for ULSD.
The combined yield of the distillate fractions (naphtha, kerosene, mid-distillates and gas oils) is typically about 50-70% crude oil, thus 30-50% of the crude oil boils above 350°C; this is usually called atmospheric residue. The distillation yield of the atmospheric residue is several times more than is needed to satisfy the demand for heavy fuel oils, 40 and so many refineries have conversion or cracking processes to break residual oils into lighter products; this is covered in the next section.
Production chemistry: conversion processes
There are three common types of refinery conversion unit: fluidised catalytic cracking (FCC), hydrocracking (HCK) and coking. [35] [36] [37] Their operation is facilitated by vacuum distilling the atmospheric residue into two fractions: vacuum gas oil abbreviated to VGO (typical boiling-point range, 350-570°C) and vacuum residue (typical boiling-point range, greater than 570°C). Figure 3 is a simplified flow scheme showing how the refinery processes are linked, but it is important to recognise that few refineries conform exactly to this diagram. Few refineries, for example, have all three conversion processes; a few may have specialist residue processes not shown in this diagram such as solvent deasphalting or residue hydrodesulphurisation.
FCC uses a zeolite-based catalyst to crack VGO into a product with a wide boiling-point range typically containing about 20 wt % C 3 + C 4 gases, 40-60 wt % FCC gasoline, 10-20 wt % FCC diesel (known as light cycle oil (LCO)) and 10 wt % FCC heavy fuel oil. It also makes about 5 wt % coke and 3 wt % fuel gas, which are burned within the FCC unit to provide the energy for the process.
Indicative properties of full-range FCC gasoline (typically 40-220°C) are given in Table 1 , but this is an incomplete description because the composition and the properties vary across the boiling-point range. The lowest-boiling-point fraction consists of mainly straight, branched and cyclic olefins and paraffins; the highest-boiling-point fractions consist of roughly a 2:1 mixture of single-ring aromatics:branched or cyclic paraffins. 41 It has a good RON (about 90-95) although the higher-octane-number components are olefins in the lowest boiling fraction (40-80°C) and aromatics in the highest boiling fraction (150-220°C). Raw FCC gasoline has a high sulphur content (500-2500 ppm) mainly as aromatic sulphur compounds (thiophenes and benzthiophenes) in the high-boiling-point fractions. Traces of diolefins and nitrogen compounds can cause gum formation during protracted storage unless treated. The LCO boils in the diesel range but is of very poor quality (which has a high sulphur content, contains polyaromatics and has a cetane number of typically less than 50) and has to be heavily hydrotreated or used for lower-value (non-road-fuel) applications.
The C 3 + C 4 product contains reactive olefins which can be used to make more gasoline. Alkylation uses a strong liquid-acid catalyst (either sulphuric acid or hydrofluoric acid) to combine C 4 olefins with isobutane (mainly from the crude oil) to make a gasoline-range blendstock, called alkylate. This is a complex mixture of branched C 8 paraffins (plus some C 7 + C 9 ) with a typical boiling point between 80 and 140°C. It has a high RON (96-98) with a low RON -MON sensitivity and contains only traces of sulphur and aromatics. Its availability in the refinery is limited by the supply of C 4 olefins from the FCC and isobutane from the crude oil, the catalytic reformer and the FCC. Some refineries obtain a moderate boost in the supply of isobutane by isomerising n-butane.
FCC isobutene may be reacted with methanol or (bio)ethanol to make MTBE or ETBE, which have high octane ratings and good blending characteristics. Ethers are no longer permitted in the USA, and so most ether units have been shut down; a few have been converted into dimerization reactors where isobutene molecules combine to make C 8 iso-octene (which is a dimate). The mixed C 3 product from the FCC is often separated and sold as petrochemical feed (called refinery-grade propylene); this is becoming increasingly valuable because growth in the demand for polypropylene is outstripping supply, particularly where ethylene plants are run on shale-derived natural-gas liquids. 42 A handful of refineries convert FCC C 3 compounds into polymerisation gasoline. Polygas and dimate resemble alkylate but have a high olefin content.
HCK uses a metal-promoted zeolite catalyst in the presence of high-pressure hydrogen to remove sulphur, saturates heavy aromatic molecules to make them amenable to cracking and converts reactive intermediates into stable paraffins and light aromatics. There are several HCK variants, typically differentiated by the operating pressure, and hence the capital cost. VGO HCK (typically at 50-100 bar) converts VGO predominantly to low-sulphur jet and diesel, leaving 20-30% unconverted oil (greater than 350°C) for use as FCC feed, lubricant feedstock or very-low-sulphur fuel oils. Gas-oil HCK is a lower-pressure variant used particularly in the USA to convert gas oils (i.e. diesel feedstock) into low-sulphur gasoline and jet. The jet is excellent, but the gasoline has a relatively low octane number and so is often used as catalytic reformer feed.
Coking tends to be used where there is no market for heavy fuel oil. It can handle the higher-boiling-point residues primarily because it does not use a catalyst and is thus less susceptible to impurities from the crude oil. The feed is heated and then allowed to 'soak' at a high temperature for several hours. The main products are coker naphtha, coker gas oil and solid petroleum coke (mainly used as a coal substitute; special grades can be used for metallurgical applications). Coker liquids are unstable and contain high levels of sulphur and nitrogen; they are unsuitable for fuel blending without extensive hydrotreatment.
By converting low-value fuel-oil blendstocks into higher-value transport fuels, conversion units increase the value of the refinery's product slate or allow the refinery to make an acceptable product slate from cheaper low-quality crude oils. On the other hand, the cost 43 of building a conversion unit (and its ancillaries) can easily approach US$1 3 10 9 ; therefore, choosing the right type and combination of conversion units (refinery configuration) is a critical strategic decision when building or modifying a refinery. Capital projects of this size typically take several years to implement (and can also take several years to obtain the necessary permits and financing). Conversion units tend to be large and energy intensive and to have a significant impact of a refinery's direct carbon dioxide (CO 2 ) emissions. 44 A few refineries have no conversion units, often because they have a commercial 'niche' such as preferential access to good crude oil. Some refineries have only one conversion unit, usually FCC because it gives the greatest flexibility to handle different crude oils and to adapt to short-term changes in product demand. Cokers are rarely installed alone but can support either FCC or HCK where the choice has implications for the balance of products from a refinery. FCC is normally viewed as a process to make gasoline from residues, and so the relative production of gasoline:diesel by a FCC-coker refinery is typically in the ratio 1:1 to 1.5:1. VGO HCK is more selective to diesel, and so an HCKcoker refinery makes gasoline:diesel typically in the ratio from 0.5:1 to 0.8:1. Figure 4 shows how a representative FCC-coker refinery converts a hypothetical medium-density crude oil into transport fuels. The diagram for an HCK-coker refinery is similar, apart from the balance between the gasoline, the diesel and the fuel oil.
The USA has a higher demand for gasoline than for diesel; consequently, the commonest refinery configuration in the USA is the FCC-coker type, followed by the FCC-HCK-coker type (generally with the lowerpressure gas-oil HCK variant aimed at gasoline and jet production). The HCK-coker configuration is theoretically the best configuration for a diesel-oriented market such as Europe, but this configuration is relatively rare; the FCC-only type is the typical configuration in Europe (and is discussed in more detail below).
The main contributors to the overall gasoline pool 45 are FCC gasoline, reformate, alkylate and a light naphtha pool containing broadly similar blendstocks such as light straight-run naphtha, HCK gasoline, isomerate and pentanes. Table 1 gives some representative properties of the main gasoline blendstocks. Table 2 shows how these contribute to the US gasoline pool; the European pool is similar, but with a large proportion of FCC gasoline. Fuels from individual refineries have different proportions and different properties even though they meet the same specifications, e.g. there is usually more reformate and alkylate in super grades than in regular grades and obviously there is no FCC gasoline in the product from a refinery with no FCC. It is quite common for refineries with an excess of a desirable component to sell it to a refinery with a deficit.
Nearly all diesel components have to be hydrotreated, and so the approach for blending diesel is simpler; the various 'raw' feedstocks are aggregated into a common pool and then hydrotreated together. A refinery's ability to make diesel is critically dependent on the capability of the distillate hydrotreating unit (covered in a later section). Production chemistry: non-refined fossil blendstocks A small fraction (about 2%) of the fossil gasoline pool comes from the by-products of other industries. Natural gasoline is a C 5 -C 6 fraction recovered from 'wet' natural-gas wells and sometimes used in the USA for gasoline blending or as a viscosity diluent for heavy crude oils; it resembles a low-octane-number light straight-run naphtha. Toluene (RON, about 110) from the petrochemicals industry is sometimes used by refiners to overcome a short-term octane rating deficit (e.g. if a catalytic reformer or FCC unit is shut down for maintenance). Most toluene is extracted from BTX feed originally provided by refineries; consequently, this is not strictly a 'new' source of gasoline. In a similar manner, petrochemical steam crackers fed with refinery naphtha make a liquid by-product in addition to ethylene and propylene. This liquid, which is known as pyrolysis gasoline, is rich in aromatics and olefins; high levels of impurities mean that it needs extensive hydrotreatment.
Natural gas (or coal) also can be converted into transport fuels via production of syngas, which is a mixture of CO, CO 2 and hydrogen which can then be converted into liquid products. 46 These are known as gasto-liquids (GTL) processes or coal-to-liquids processes. An example of a GTL process uses the high-pressure Fischer-Tropsch (FT) reaction to convert syngas into diesel. The primary FT product is a hydrocarbon wax with a wide boiling-point range which may be hydrocracked to FT diesel plus co-products such as petrochemical naphtha and high-quality lubricant base oil. FT diesel has a high cetane number, with little sulphur or aromatics content, and is easily blended with conventional diesel; it has a comparable greenhouse gas footprint 47 (within the uncertainties stemming from detailed process descriptions and the methodology for allocating emissions between multiple products).
There are currently four commercial-scale GTL plants 46 (Pearl and Oryx in Qatar, Bintulu in Malaysia and Mossel Bay in South Africa). The aggregate capacity is about 10 Mt/year of GTL products, compared with the European diesel demand of about 200 Mt/year. More plants are being discussed but there is still uncertainty about the long-term economics of GTL products. 48, 49 The world-scale Pearl plant (about 6 Mt/year of GTL products plus a similar volume of natural gas condensate) is reputed to have cost 46 about US$20 3 10 9 compared with about US$6 3 10 9 for the 25 Mt/ year (approximately 600,000 barrels/day) Reliance-2 refinery in Jamnagar, India, which opened in 2008. 50 Syngas can also be converted into methanol. This is a key feedstock for the chemical industry, but also a highoctane-number gasoline blendstock. However, its use in conventional road fuels is limited by its high vapour pressure, its material compatibility and its solubility in water; EN 228 13 permits up to 3 vol % methanol. The global methanol capacity 51 is currently about 120 Mt/ year split between natural-gas and coal feedstocks. Methanol can also be converted using methanol-to-gasoline (MTG) technology into a hydrocarbon gasoline which somewhat resembles refinery reformate. A commercial plant 52 was built in New Zealand, but this was shut down after a few years. The economics of MTG resemble those of GTL diesel; new MTG plants are being discussed but there is little news of firm projects.
In some applications, liquid fuels may be replaced by liquefied petroleum gas (LPG), liquefied natural gas or compressed natural gas. These are not generally interchangeable with conventional liquid fuels because they require modified vehicles and modifed fuel infrastructure.
How the refining industry has responded to change: ultra-low-sulphur fuels Sulphur compounds in vehicle exhaust gases interfere with the operation of automotive emission control equipment; consequently, successive generations of automotive technology have required a progressive reduction in the sulphur content of road fuels ( Table 3) .
The coordinated production of lower-sulphur fuels in Europe started when the European Commission requested a voluntary limit of 500 ppm (EN 228-1993 13 ). This was reduced to 150 ppm sulphur in 1999, ending up at 10 ppm in 2008. The reduction from 150 ppm to 10 ppm was the most problematic. FCC gasoline provides about 40% of commercial gasoline and is a significant source of the octane rating; it also contributes more than 90% of the gasoline sulphur 41 mainly as thiophenes and benzothiophenes (Figure 1) . Conventional hydrodesulphurisation removes the sulphur but also converts the high-octane-number olefins into lower-octane-number paraffins, incurring an unacceptable loss in the octane rating. A partial solution was to install equipment to split the FCC gasoline into a light fraction and a heavy fraction. The highest-boiling-point (typically 150-220°C) FCC gasoline fraction derives its octane rating from monoaromatics and not olefins and so can be hydrotreated without significant loss in the octane rating. The remaining fraction is more problematic, although some very light FCC gasoline (40-80°C) has a sufficiently low sulphur content that it may be blended without treatment.
Trial approaches for desulphurising light and midrange FCC gasoline included adsorption 53 and membrane separation, 54 but eventually 'selective' hydrotreatment 55, 56 technologies were developed. These used special catalysts and carefully controlled process conditions to convert sulphur compounds while minimising conversion of high-octane-number olefins. Following its introduction about 15 years ago, more than 250 selective FCC gasoline hydrotreatment units have been installed worldwide. 57 The capital cost for a typical 30,000 barrel/day plant is estimated to be 41 about US$25 3 10 6 , before the cost of additional ancillary equipment (tanks, pipes, hydrogen production and off-gas treatment).
US gasoline sulphur followed a similar pathway except that the specifications have a different structure. 58 Rather than specifying a flat 50 ppm or 10 ppm limit on every cargo of gasoline, the US authorities set a limit on the average sulphur level for all the gasoline made by an individual refinery during a specified accounting cycle. This gives the refiner more flexibility to handle variations in the crude-oil quality or changes in the unit performance (such as the natural decline in the catalyst activity between maintenance shutdowns). The current US Tier 2 vehicle emissions regulation limits the average to 30 ppm sulphur with an 80 ppm cap, in comparison with the flat 10 ppm limit in Europe. US refiners currently are working to meet the Tier 3 regulations which will reduce the average to 10 ppm in 2017. 3 The pathway for European diesel broadly parallels European gasoline; a sulphur limit of 500 ppm was set in EN 590-1993, 27 was reduced to 350 ppm in 1999 and then to 10 ppm in 2009. In contrast with gasoline, the removal of sulphur by hydrotreating does not damage the diesel properties other than the lubricity, 59 which can be managed using additives. Hydrotreatment was therefore the solution, although it quickly became clear that few refineries had adequate hydrotreating capability. The sulphur compounds in gas oils and other diesel feedstocks ( Figure 1 ) generally become more difficult to hydrotreat with increasing size and complexity. The easy species react under relatively mild conditions (e.g. 20-30 bar H 2 pressure), whereas the more difficult species need much longer reaction times or else more severe process conditions (e.g. 60-80 bar H 2 pressure). Many of the hydrotreaters already installed in European refineries had been built at a time when there was no expectation of such low-sulphur specifications. To minimise capital and operating costs, many hydrotreaters were designed to operate at low or moderate pressures; this was adequate for the earlier diesel specifications but unsuitable for ULSD production, which required the the removal of unreactive sulphur compounds such as dibenzothiophenes. Attempts to find new catalysts which can convert unreactive sulphur compounds under mild conditions were not wholly successful, and so refiners had to build new high-pressure diesel hydrotreaters or to upgrade existing units by adding extra reactors and additional services such as hydrogen purification. Diesel hydrotreater upgrades typically cost several tens of millions of US dollars, 60 not including the additional ancillary equipment.
Detailed studies in 2000 61 and 2005 62 by CONCAWE estimated that the additional cost of moving from 150 ppm sulphur gasoline and 350 ppm sulphur diesel to ultra-low-sulphur fuels (10 ppm) would eventually be about US$3-7 per tonne of fuel and would increase direct refinery greenhouse gas emissions 63, 64 by about 5%. A key factor here is increased hydrogen consumption; hydrogen production now represents 10-20% of the greenhouse gas footprint of a modern refinery.
Lower-sulphur fuel is still a live issue for refiners. The International Maritime Organisation (a branch of the United Nations with a mandate to shape national regulation) has a programme to reduce sulphur emissions from shipping. 65 Over the next decade, some refiners will have to build new equipment to produce How the refining industry is responding to change: biofuels in general
Large-scale use of biofuels started in the USA in the 1990s. US reformulated gasoline had previously contained about 5% MTBE, where the oxygen was believed to improve combustion and to reduce emissions. 66 Fossil-based MTBE was then banned for environmental reasons and was gradually replaced by bio-ethanol during the mid-1990s. Formal targets for biofuels were set by the RFS 11 which specifies the amounts of biofuels (in gallons) to be incorporated into US transport fuels. The RFS target ramps up to 36 310 9 gal by 2021 (where 36 3 10 9 gal represents roughly 20% of the current US demand for gasoline and diesel 14 ). The regulation is quite complex with four nested targets for different categories of fuels such as the following: conventional ethanol made from maize, wheat or beet; advanced ethanol, typically made from sugar cane; biodiesel, from vegetable oils and animal fats; cellulosic ethanol, from agricultural or forestry wastes or energy crops.
Biofuel targets for Europe were set out in the RED 10 supplemented by the FQD 8 regarding sustainability criteria and the greenhouse gas footprint of transport fuels. The RED required a gradual increase to 10% biocontent by 2020. The detailed targets and timing vary considerably between member states, with some categories of biofuel now receiving extra credits.
Detailed discussion of the RFS, the RED and the FQD is outside the scope of this paper, but three key points are relevant. First, national regulation may ultimately drive the biocontent in specific transport fuels to 10% or higher. Second, the regulations are complex and differ between regions. Third, vehicle exhaust emission strategies must not be hampered by the use of biocomponents in road fuels, 67, 68 and so mainstream fuels which contain biocomponents must still meet the conventional fuel specifications.
The last point may create a situation (known as a blend wall) where the biofuel target exceeds the amount permitted by the mainstream road fuel specification. This is a live issue in the USA where the current oxygen specification in ASTM D4814 26 limits ethanol content to 10% but the RFS calls for ethanol volumes which exceed 10% of overall gasoline demand. One solution is to use very-high-biocontent fuel alongside conventional gasoline so that the average biocontent meets the target. The main route for this today is via E85, which is a gasoline-like fuel containing 51-83% ethanol. E85 does not meet the conventional fuel specifications and so is specified separately (ASTM D5798 69 ) and requires specially designed vehicles (FlexFuel) and infrastructure such as pipelines, tankers, storage tanks and fuel dispensers. 70 A similar situation is starting to emerge in the European Union regarding the 7% biodiesel limit for EN 590 27 road diesel; the alternative fuels are B30 and B100 (diesel-like blends containing 30% biodiesel and 100% biodiesel respectively). Another solution is to change the specification to allow greater biocontent, but this raises concerns about the existing vehicles and infrastructure which were not necessarily designed for fuels such as E15 gasoline 71 or B8 diesel. 72 None of these approaches is insuperable, but none is entirely straightforward and quick to take effect.
How the refining industry is responding to change: bio-ethanol in gasoline
Ethanol molecules are polar. In the pure liquid, this reduces the tendency to vaporise compared with nonpolar molecules of similar sizes and weights; the boiling points of ethanol and propane are 78°C and 242°C respectively. This stabilisation effect is reduced when a small amount of ethanol is blended in gasoline (which is non-polar), where the ethanol behaves as if it has a higher vapour pressure than usual. This effect is neatly demonstrated in an example described by Pumphrey et al., 73 where the vapour pressure of a mixture of 10 mol % ethanol in gasoline was about 10% greater than the vapour pressure of the neat gasoline, even though pure ethanol had a lower vapour pressure than that of the neat gasoline. The vapour pressure of mixtures remained high until the ethanol concentration was raised to about 60%, at which point the vapour pressure of the mixture matched that of the neat gasoline. Beyond this, the vapour pressure fell rapidly to the value expected for pure ethanol. This effect has huge implications for the commercial production of ethanolgasoline blends.
The vapour pressure of commercial gasoline is measured using a standardised test (ASTM D323 74 ) and is commonly known as the Reid vapour pressure (RVP). When making products such as E5 or E10 gasoline (containing 5% ethanol or 10% ethanol respectively), the refiner has to compensate for the anomalous impact of the ethanol by using a special low-RVP refinery gasoline known as a blendstock-for-oxygenate blending (BOB). This reduces the amount of high-RVP hydrocarbons (e.g. butane or light naphthas) which can be used in the finished fuel. Refiners can re-optimise process units such as FCC and catalytic reformers to reduce the production of high-RVP material, but significant changes are difficult to achieve. Butanes and pentanes from the crude oil can be removed but they cannot be 'unmade'.
There are technologies (steam cracking and catalytic dehydrogenation) which can convert light naphtha into more useful products, but such process units usually are built on a scale much larger than is needed to handle the displaced light naphtha from a single refinery. A refiner may therefore choose to export the light material to someone who can aggregate suitable feedstocks and justify large-scale conversion projects. The petrochemical industry sets limits on properties such as the RVP (for safety) and the aromatics and olefins content (for operability); therefore, like gasoline, petrochemical naphtha has a specification. Exporting an additional product also requires investment in fractionation, storage and logistics; a report by the International Council for Clean Fuels 75 discusses options for managing the RVP, albeit for different reasons.
For efficiency, the gasoline distribution system makes use of large-scale storage tanks and multi-user pipelines, meaning that different cargoes of gasoline can become co-mingled in transit. If on-specification ethanol-free gasoline is mixed with on-specification ethanol-containing gasoline, the non-linear behaviour of the RVP means that the resulting mixture may well be off-specification. This risk can be mitigated by standardising the gasoline in a particular supply region to a specific ethanol level (e.g. E0, E5 or E10) and similarly standardising the corresponding BOB. Different regional regulations lead to differences in BOB specification, and hence the production of RBOBs for US reformulated gasoline, CARBOBs for California and EuroBOBs for Europe. This adds complexity to international trade and may create supply bottlenecks because of the plethora of different 'gasolines' which have to be handled.
Ethanol is more soluble in water than in gasoline which can lead to problems when storing ethanolcontaining gasoline. Water can enter storage tanks by condensation from air which enters while the tank is being emptied (or possibly as rainwater if the tank roof is not perfectly sealed). This is not a problem with ethanol-free gasoline because water and gasoline are essentially immiscible; any water entering the system forms a separate denser phase which can be removed by settling. When a gasoline-ethanol mixture is exposed to water, some of the ethanol can transfer to the aqueous phase, thus depleting the gasoline blend of ethanol. This may reduce the RVP or the octane number of the gasoline below the specified value. One solution is to delay the addition of ethanol to the last practical point in the distribution system (sometimes the last point consistent with tax regulations); this adds cost because separate distribution systems are now needed for both BOB and ethanol.
Above 5% ethanol, the non-linear RVP becomes less of a problem but the increased amount of ethanol starts to affect the midrange volatility of the gasoline, such as E70 in EN 228 13 and T50 in ASTM D4814. 26 In comparison with the RVP, these have less impact on the environmental performance of the gasoline (e.g. the emissions of volatile organic compounds); consequently, E70 and T50 adjustments have been agreed for E10 gasoline in both Europe (Table 3 ) and the USA. Higher-ethanol grades such as E15 still do not have wide acceptance (mid-2016), leading to a blend wall at 10 vol % ethanol content. This distillation effect becomes more significant with higher ethanol levels. Figure 5 shows work by VTT 76 on the distillation curve of gasoline containing 0%, 10% or 30% ethanol. With 30% ethanol, there is a major distortion at around 70-80°C. If this is acceptable for vehicle operation, then the specification can simply be changed to accommodate the 'bump' in the boiling curve. If not, then hydrocarbons may have to be removed from the base fuel so that a smooth profile is restored. Displacing yet more hydrocarbons from the refinery gasoline pool raises the question about what to do with them. As a yardstick, US gasoline production 14 is roughly 450 Mt/year. Displacing, say, 10% of this would have a large impact on the global market for petrochemical naphtha (mainly in Europe and Asia) 77 which is currently around 270 Mt/year. The future supply-demand balance is uncertain; there is growing demand for petrochemical naphtha in Asia, but an increasing supply of shale-derived petrochemical feedstocks in the USA.
How the refining industry is responding to change: biodiesel
Biodiesel is made by reacting plant oils or animal fats with methanol to make fatty-acid methyl esters (FAMEs) (Figure 1) . The most readily available vegetable oils are palm oil, soybean oil and rapeseed oil, which are used for food and oleochemicals feedstocks (e.g. soaps and detergents). Co-products such as protein meal and emulsifiers are important sources of value. Biofuel production now represents a significant fraction of the global natural oils market, and so sustainability is an important consideration. Again, it is outside the scope of this paper to discuss the circumstances driving the use of these different materials, and so the rest of this section discusses the implications for fuel quality.
FAMEs from all sources represents a family of related molecules usually consisting of a straight 16-or 18-carbon chain terminated in a methyl carboxylate group, with either zero, one or two double bonds along the chain. Most FAMEs boil in the diesel range, although neat FAME (B100) lies outside normal roaddiesel specifications and has its own specifications (e.g. EN 14214
78 in Europe). Because of the different fattyacid distributions, FAME derived from palm oil and animal fats has poorer low-temperature properties than does FAME from rapeseed and soybean oil. 79, 80 Specific issues are the boiling point of FAME (which is close to the maximum boiling point allowed for road diesel) and its low-temperature properties (such as the cloud point and the cold-filter plugging point). The latter can be partly mitigated by the use of cold-flow improvement additives and also may constrain the properties of the fossil diesel requiring further refinery treatment. 81 Impurities in FAME (monoglycerides, diglycerides and sterol glucosides) may also lead to filter blocking, and so EN 14214 78 also sets limits on these. The specification for mainstream European road diesel (EN 590 27 ) currently allows up to 7% FAME provided that it meets a specified part of EN 14214 78 and that all other properties of the finished diesel meet EN 590. 27 Currently, this creates a diesel blend wall at 7% FAME.
One way round the diesel blend wall is to make 'drop-in' biofuels which closely resemble refined diesel. To date, the most successful drop-in diesel is made by hydrotreating natural oils or fats to remove oxygen completely; this is often called hydrogenated vegetable oil (HVO) [82] [83] [84] even though it may derive from animal fats. A handful of commercial units have been built both in refineries and as stand-alone facilities leading to global capacity of about 1.5 Mt/year (about 1% of the EU diesel demand). One or two more units are under discussion, but the high capital cost and regulatory uncertainty over both products and feedstocks may be deterring investors. Refiners also can make HVO by co-processing vegetable oils and fossil gas oils in suitable refinery hydrotreaters, 85 but this has poor cold-flow properties and typically is limited to less than 10% of the finished product.
Biomass-to-liquid processes resemble the GTL technology described earlier, although the biomass feedstocks (typically wood or wood waste) are more difficult to process (e.g. they tend to form tars and ash). Economy of scale is difficult to achieve because of the logistical costs of providing sufficient raw biomass in a single location. Demonstration projects [86] [87] [88] are planned or under way, but progress is slow and financing is difficult in the absence of government support.
How the refining industry might respond to change: higher-efficiency engines
Over the last few decades, 'dieselisation' has helped Europe to address the fuel economy of and the greenhouse gas emissions from automobiles but also has led to a structural imbalance between the supply and demand of gasoline and diesel. 89 European refineries cannot make sufficient diesel but, because of their design, they cannot avoid making surplus gasoline. In principle, this can be solved by shutting down some of the 50 or so FCCs in Europe and building new hydrocrackers but the capital cost would be several hundreds of millions of US dollars per site; 43, 90 some companies have closed refineries rather than bear the cost of reconfiguration in the current economic climate. In the main, European refiners have maximised diesel production by debottlenecking existing equipment, exporting surplus gasoline to North America and Africa and importing diesel (or gas-oil feedstock) from North America, Russia and the Middle East.
European gasoline is used primarily in light-duty vehicles (passenger cars and vans), whereas diesel consumption is split between light-duty vehicles and heavy-duty vehicles (freight, buses and industrial vehicles). A move away from light-duty diesel engines would slowly unwind the demand imbalance at a rate determined by vehicle turnover, but this may be offset by factors such as efficiency improvements in gasoline engines, increased substitution by biofuels and changes in heavy-duty diesel demand. Overlying this are external factors such as the global supply-demand balance, global patterns of crude-oil production and changes in the regional economic activity.
The efficiency of gasoline engines can be improved by raising the compression ratio, which can be facilitated by the use of higher-octane-number road fuel. The current octane number specifications generally stem from system efficiency studies in the 1980s; 91 recent studies [20] [21] [22] [23] [24] [25] have investigated the potential impact of increasing the octane number by as much as 5 or are exploring new fossil-biofuel blends such as gasoline-methanol-ethanol. 92 This article is not intended as a detailed review of these studies but instead comments on the various manufacturing strategies that they employ. The studies sometimes use combinations of approaches, but they are addressed separately here for clarity.
The first approach is to increase the ethanol content from 10% to 30% or higher; adding an extra 20% ethanol to today's E10 gasoline pool may increase the RON of the gasoline pool by 2-3. In principle, this approach can make use of the same E10 BOB as today, although the high ethanol content causes the bump in the distillation curve discussed earlier and may require new forecourt equipment if there are issues with materials compatibility and safety.
The combination of extra ethanol and better vehicle efficiency reduces demand for refinery gasoline (although this can be offset if car purchasers switch from diesel to gasoline vehicles). However, demand for other products (diesel, jet, marine fuel and petrochemical feeds) is subject to different drivers and trends, e.g. fuel demand for light goods vehicles is growing in the UK, whereas demand in other road sectors is static or shrinking. 93 The current debate about diesel emissions is outside the scope of this paper but clearly may have an impact on the future gasoline:diesel balance. The evolution of the pattern of demand is a significant question for European refiners; for a variety of factors, it is difficult to predict the future demand split between gasoline and diesel, and so it is important to maintain commercial and technical options.
A second approach maintains the current ethanol level (E10) and achieves a higher-octane-number pool by increasing the octane numbers of refinery blendstocks, principally reformate and FCC products. Most catalytic reformers have some flexibility to adjust the octane number by changing the reactor temperature and the feed flow rate, 94 although this is within an envelope set by the feed quality (hence the crude-oil supply) and the operating pressure of the particular reformer (hence the mechanical design). Increasing process severity increases the production of light fuel gases (C 1 to C 4 ) at the expense of reformate yield; therefore, raising the reformate RON from, say, 98 to 102 reduces the reformate yield by about 5-6%. Reformate is typically one third of the gasoline pool; therefore, this strategy may increase the pool RON by about 1 but reduce production by about 2%. Refinery energy use would increase slightly, but the loss of yield is a greater issue; the refinery makes less transport fuel for similar overall energy inputs (and greenhouse gas emissions). The range over which the octane number can be varied depends on the individual installation; some catalytic reformers may be limited to an RON of 100, whereas others may achieve an RON of 105, particularly if designed for production of petrochemical aromatics. In principle, a refiner can replace a low-octane-number catalytic reformer with a high-octane-number unit, but the project cost 43 may easily exceed US$250 3 10 6 . In a similar manner, refinery FCC units can vary the octane number of gasoline by using reaction severity and catalyst design. 95, 96 High-severity (conventional) FCC may make FCC gasoline which has an RON which is 3-4 higher than that from a low-severity operation. The higher octane number is obtained with a lower gasoline yield (5-10% lower), although this is partly compensated by increased production of C 3 and C 4 olefins. These can be converted into gasoline by expanding the alkylation unit or installing a polygas unit. (This also requires extra gas separation equipment and increased supply of isobutane co-feed for the alkylation unit.) For existing FCC, the impact on the gasoline pool is probably smaller than may be seen from reoptimisation of the catalytic reformer, but there may be other reasons for a refinery to investigate a significant change in FCC operation (crude-oil strategy, fuel-oil production, gasoline-diesel balance and greehouse gas emissions). Higher-severity FCC designs can have a larger impact on the octane number, but these may require major revamps or new units. This area is worth exploring but it may well be case specific and not suitable for all FCC refineries.
The third approach (again for E10) is to change the balance between blendstocks, e.g. by excluding some low-octane-number hydrocarbons from the gasoline pool and selling them to other markets. Candidates may include light naphthas and medium FCC gasoline; therefore, displacing the lowest-octane-number 10% of the pool may increase the pool RON by 1-2. As discussed above, this approach is constrained by the specifications for both the gasoline and the low-octanenumber product, and by the ability of other markets to absorb large volumes of hydrocarbons.
Trying to quantify these approaches is not simple, and their impacts are not necessarily additive. The refining and distribution systems are complex, with many constraints (such as the fuel specifications and the physical limits on the temperatures, the pressures and the flow rates); therefore, a common approach is to use a linear programme (LP). LPs typically are used for short-term commercial planning and medium-term commercial strategy development for individual refineries; they can be used to investigate industry-level questions but this needs care. First, unusual market scenarios can be difficult to quantify in terms of both pricing and volumes, particularly where products have unusual properties and need to be shipped out of the region or into non-transport markets. A region's refineries vary considerably in both scale and capability and are linked by logistic systems such as pipelines which have their own constraints. Trying to model multiple interlinked refineries is computationally difficult and time consuming. On the other hand, simplifying the system by representing it as a small number of 'pseudo-refineries' often finds theoretical opportunities which do not exist in reality. LP is also very complex and may include thousands of variables. To be computationally tractable, it may be necessary to use linear responses for non-linear properties such as the octane number.
Other tools are available, e.g. refinery or supplychain simulators can have better technical representations than LP does but have less optimisation capability. Having said this, LP is well established and trusted, provided that the input data and model calibration are well validated and that the output results are carefully scrutinised.
Summary and conclusion
The drive to reduce emissions from internal-combustion engines has led to a desire for well-defined fuels, often with more stringent fuel specifications such as the sulphur content. At the same time, the desire for lower-carbon fuels has mandated the incorporation of biocomponents. These can result in benefits such as a lower-carbon footprint or a higher octane number, but they may also have a deleterious impact on the fuel properties such as the vaporisation characteristics and the low-temperature properties. The molecular nature of conventional biofuels means that their properties are fairly inflexible, meaning that refiners have to change the way that hydrocarbon fuels are made in order to assure consistent road-fuel properties. Crude oil provides more than 95% of transport fuel today and will probably provide a substantial proportion for some decades. Most liquid fuels will probably be blends of fossil and biofuels, and so it is important to understand how their technical interactions affect the fuel quality, how they can support the vehicle efficiency and how manufacturing processes can be adapted to meet these requirements. This leads to three broad questions:
What are the full fuel requirements for future engines? Higher-octane-number fuels, for example, may be an option for providing higher-efficiency gasoline engines. If so, then what are the requirements for other fuel qualities (e.g. the vaporisation characteristics and the energy content)? A fuel supplier needs to know which properties have to be tightly controlled and which can be allowed to vary from place to place, or from time to time.
What might be the implications for fossil fuel manufacturers? The European refining industry is currently subject to over-capacity and is facing rationalisation. It is already having to deal with changes in the global crude-oil slate, the global demand patterns for gasoline and diesel, the adjacent markets (such as petrochemical feeds, aviation and marine fuels) plus regulation of its own operations; therefore, 'new fuels' are just one issue among many. One particular challenge for refiners stemming from fuel trends seems to be a growing surplus in light hydrocarbons, particularly paraffin-rich streams. Can refiners handle this by sales (e.g. for chemicals feedstock) or does it need to be addressed technologically? Options include process upgrades to reduce production of light paraffins as well as technologies to convert them into new products. Similar questions emerge if a higher hydrocarbon octane number is eventually required: will there be a need to increase the octane number of refinery gasoline or to adapt the properties of refinery gasoline to allow higher levels of high-octane-number biocomponents? Given the commercial outlook, it may be expected that upgrades to conventional refinery processes are more attractive than major investment in brand-new processes.
What might be the implications for biofuel suppliers? This is not strictly within the scope of this paper but is worth some comment. The limitations set by the fundamental fuel properties of ethanol and conventional FAMEs can be overcome by various strategies, for both engine developers and fuel manufacturers. Drop-in fuels may well be an important option for placing additional biocontent into the mass fuels market, provided that they use sustainable feedstocks, have properties which complement the rest of the fuel mix, fit efficiently into the fuel supply chain and have a deployment pathway which can accommodate both the incentives and uncertainties stemming from biofuel regulation and low-carbon policies.
